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ABSTRACT
Objective The growing adult population with surgically
corrected tetralogy of Fallot (TOF) is at risk of
arrhythmias and sudden cardiac death. We sought to
investigate the contribution of right ventricular (RV)
structural and electrophysiological remodelling to
arrhythmia generation in a preclinical animal model of
repaired TOF (rTOF).
Methods and results Pigs mimicking rTOF underwent
cardiac MRI functional characterisation and presented
with pulmonary regurgitation, RV hypertrophy, dilatation
and dysfunction compared with Sham-operated animals
(Sham). Optical mapping of rTOF RV-perfused wedges
revealed a significant prolongation of RV activation time
with slower conduction velocities and regions of
conduction slowing well beyond the surgical scar.
A reduced protein expression and lateralisation of
Connexin-43 were identified in rTOF RVs. A remodelling
of extracellular matrix-related gene expression and an
increase in collagen content that correlated with
prolonged RV activation time were also found in these
animals. RV action potential duration (APD) was
prolonged in the epicardial anterior region at early and
late repolarisation level, thus contributing to a greater
APD heterogeneity and to altered transmural and
anteroposterior APD gradients in rTOF RVs. APD
remodelling involved changes in Kv4.3 and MiRP1
expression. Spontaneous arrhythmias were more frequent
in rTOF wedges and more complex in the anterior than
in the posterior RV.
Conclusion Significant remodelling of RV conduction
and repolarisation properties was found in pigs with
rTOF. This remodelling generates a proarrhythmic
substrate likely to facilitate re-entries and to contribute
to sudden cardiac death in patients with rTOF.
INTRODUCTION
Tetralogy of Fallot (TOF) is the most frequent cyan-
otic congenital heart defect with a prevalence of
3.5 per 10 000 births.1 Over the last decades,
improvements in the timing and approach of surgi-
cal correction have considerably improved survival
to adulthood. However, the adult survivor popula-
tion is at risk of developing sustained ventricular
arrhythmias and sudden cardiac death (SCD) late
after surgery, with a respective incidence of 11.9%
and 8.3%, 35 years after repair.2
The role of scar regions due to right ventriculot-
omy and ventricular septal defect repair in
supporting macroreentry circuits and monomorphic
ventricular tachycardia is well established.3 Procedural
success of radiofrequency ablation remains challen-
ging4 but recent studies targeting well-defined
isthmuses appeared promising.3
In the context of SCD, there is evidence for the
implication of right ventricular (RV) volume and
pressure overload in sustained ventricular arrhyth-
mias in patients with repaired Fallot (rTOF).5 QRS
interval prolongation and dispersion are well-
documented predictors of ventricular arrhythmias
among corrected adult patients and have been
linked to RV dilatation.6 Moreover, it has been sug-
gested that RV unloading secondary to pulmonary
valve replacement may prevent worsening of these
markers and when associated with intraoperative
cryoablation, reduce ventricular arrhythmia inci-
dence.7 Global heterogeneity of repolarisation,
measured as QTc or JTc dispersion, was also found
increased in rTOF patients and was considered as a
useful marker to refine arrhythmic risk
stratification.5 8
In heart failure, a profound remodelling contri-
butes to re-entrant arrhythmias and involves an
extracellular matrix (ECM) proliferation and
Connexin-43 downregulation both slowing elec-
trical propagation and changes in K+ channels
expression which regulate cardiac repolarisation.9
We hypothesised that in patients with rTOF, in add-
ition to scar-based re-entrant circuits, the overloaded
RV also undergoes a structural and electrophysio-
logical remodelling that favours re-entries and SCD.
We aimed at identifying the underlying mechanisms
in a porcine model reproducing TOF postoperative
features.10 A better understanding of the electro-
physiological and structural substrates late after
TOF repair appears essential to identify new risk
markers and develop specific antiarrhythmic thera-
peutic approaches.
METHODS
An expanded Methods section is available in the
online supplementary material.
All experiments were in line with the European
Union Council Directive 2010/63/EU for the pro-
tection of animals used for scientific purposes and
with local ethical committee approval.
The animal model of rTOF (N=7) was produced
as previously described.10 Briefly, piglets (<12 kg)
were premedicated with ketamine (10 mg/kg,
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intramuscular, Vibrac) and acepromazine (0.1 mg/kg,
Vetoquinol). Anaesthesia was induced with sodium pentobar-
bital (5 mg/kg, intravenous, Ceva) and maintained with isoflur-
ane (2% in 100% O2, Vibrac). Following left lateral
thoracotomy, two pulmonary valve leaflets were excised, a poly-
tetrafluoroethylene (PTFE) patch was sewn across the pulmon-
ary annulus and the pulmonary artery was banded. For
Sham-operated animals, only the lateral thoracotomy was per-
formed (Sham N=5).
Cardiac function and remodelling was assessed 23±1 weeks
postsurgery. A conventional cardiac magnetic resonance (CMR)
examination was carried out on anesthetised animals using a
Siemens Magnetom Avanto 1.5 T MRI scanner. Euthanasia was
performed using sodium pentobarbital (intravenous, 10 mL
from 200 mg/mL stock) and the heart rapidly excised. Tissue
samples were snap-frozen into liquid nitrogen for histological
and molecular biology studies and kept at −80°C until use.
The RV was dissected, perfused (20 mL/min) and the elec-
trical activity optically mapped using a voltage-sensitive dye (di-
4-ANEPPS, 10 mM).
Collagen content was assessed histologically in Masson’s
Trichrome stained sections (Sham, rTOF N=4) and RV cryosec-
tions were probed for Connexin-43 by immunofluorescence.
Proteins were quantified by western blotting, mRNA levels were
determined by quantitative RT-PCR and normalised to HPRT1
and GUSB expression. A microarray profiling of RV endocar-
dium gene expression was performed on an Agilent G2565C
system.
Data are expressed as means±SD. Statistical differences
between groups were tested using one-way analysis of variances
followed by Holm-Sidak multiple comparison testing or its non-
parametric equivalent and linear regression as appropriate.
Statistically significant difference was assumed for p<0.05.
RESULTS
Animal model
A significant increase in heart weight and RV weight normalised
to body surface area (BSA) were found in rTOF pigs, highlight-
ing the presence of a RV hypertrophy in these animals (table 1).
Pulmonary artery flow analysis at the valve level revealed a dia-
stolic retrograde flow in all rTOF pigs which was absent in
Sham pigs. The degree of regurgitation was significantly higher
in rTOF animals (table 1). RV hypertrophy, dilatation and left-
ward septal bulging could be identified on in vivo CMR images
of rTOF pigs (see online supplementary figure S1). In these
animals, RV dilatation was reflected by an increase in both
end-systolic (RV-ESVi) and end-diastolic (RV-EDVi) RV volumes
normalised to BSA (table 1). RV stroke volume normalised to
BSA remained unchanged but RV ejection fraction was sig-
nificantly reduced in rTOF pigs versus Shams indicating RV
dysfunction. A severity grading showed rTOF pigs were at a
moderate stage of RV dysfunction (see online supplementary
figure S2). Moreover, left ventricular ejection fraction was not
different between rTOF and Sham pigs.
Action potential duration heterogeneity in rTOF right
ventricles
A greater action potential duration (APD) heterogeneity was
identified on epicardial 80% repolarisation APD (APD80) maps
from rTOF preparations (figure 1A). Quantitative analysis of
APD80 distribution across the entire RV revealed an increased
dispersion of APD80 in the rTOF epicardium, but not the endo-
cardium, compared with Sham (figure 1B). However, dispersion
of repolarisation time (RT) was found increased on both the
epicardium and endocardium of rTOF RVs (figure 1C). Mean
APD80 across the whole epicardial and endocardial surface was
the same between both groups (figure 1D).
This increased heterogeneity in the RV epicardium was asso-
ciated with a differential remodelling in the anterior and poster-
ior RV. At 1 Hz, rTOF APD20 and APD80 were prolonged in
the anterior RV epicardium resulting in a significant difference
with Sham anterior (figure 2A) and with rTOF posterior epicar-
dial APD80 (see online supplementary figure S3). In contrast to
the epicardium, the anterior APD20 was shorter in rTOF than
Sham RV endocardium with no significant difference at APD80
level (figure 2B). As a consequence of the epicardial APD80 pro-
longation, the transmural APD80 gradient (APD80ENDO–EPI)
was reversed in the anterior rTOF RV and significantly different
from Sham anterior and from rTOF posterior gradients
(figure 2C). In addition, the anteroposterior APD80 gradient
(APD80POST–ANT) of rTOF RVs was also reversed and sig-
nificantly different from Sham on the epicardium but not the
endocardium (figure 2D).
Interestingly, KCND3 (Kv4.3) mRNA expression was reduced
in the epicardium but increased in the endocardium of rTOF
RVs compared with Sham (figure 3A, B). This observation was
further confirmed at the protein level (figure 3C, D). Moreover,
KCNE2 (MiRP1) mRNA expression was significantly greater in
rTOF epicardium and endocardium than Sham (figure 3A, B).
The mRNA expression levels for L-type Ca2+ and other K+
channels known to contribute to ventricular APD were not
significantly affected (see online supplementary figure S4).
RV activation and conduction velocity
Epicardial and endocardial RV activation maps revealed a disor-
ganised electrical activation of rTOF preparations with multiple
regions of conduction slowing located in both anterior and pos-
terior regions (figure 4A). Total activation time (AT) of the RV
was prolonged in rTOF epicardium and endocardium compared
with Sham (figure 4B). Moreover, a significant decrease in longi-
tudinal and transverse conduction velocities was found in rTOF
RV epicardium (figure 4C) and endocardium (figure 4D).
Table 1 Animal weights and CMR characterisation
Sham, rTOF, p Value
N=4 N=6
Animal weights
Body weight (kg) 48±6 61±11 0.07
BSA (m2) 0.93±0.07 1.05±0.05 0.02
Heart weight/BSA (g/m2) 202±14 283±21 0.01
RV weight/BSA (g/m2) 78±4 133±16 0.02
CMR characterisation
Heart rate (beats/min) 117±15 98±12 0.09
PRF (%) 0 9±7 0.03
RV-ESVi (mL/m2) 37±6 122±19 <0.001
RV-EDVi (mL/m2) 75±5 179±42 0.002
RV-SVi (mL/m2) 39±10 57±24 0.14
RVEF (%) 51±11 31±6 0.03
LVEF (%) 54±7 61±9 0.26
Data were obtained 23±1 weeks postsurgery. Values are means±SD.
BSA, body surface area; CMR, cardiac magnetic resonance; LVEF, left ventricular
ejection fraction; PRF, pulmonary regurgitation fraction; rTOF, repaired tetralogy of
Fallot; RV, right ventricular; RV-EDVi, right ventricular end-diastolic volume indexed to
BSA; RVEF, right ventricular ejection fraction; RV-ESVi, right ventricular end-systolic
volume indexed to BSA; RV-SVi, right ventricular stroke volume indexed to BSA.
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Connexin-43 expression was lower in the rTOF RV epicardium
than in Sham (figure 5A) but remained unchanged in the endo-
cardium (figure 5B). However, immunofluorescence staining on
RV endocardial tissue sections from rTOF pigs revealed a
Connexin-43 redistribution to the lateral sarcolemma compared
with Sham sections (figure 5C).
Masson’s Trichrome staining showed some degree of muscle
fibre disarray and a significant increase in interstitial collagen
deposition (figure 6A, B) in RV apical sections from rTOF
hearts compared with Sham. A positive linear correlation was
found between the endocardial AT and both the RV-EDVi
(figure 6C) and the collagen content (figure 6D). Additionally,
our transcriptomic approach identified significant variations in
the expression of 22 genes coding for proteins forming or
involved in the regulation of the ECM in the rTOF endocar-
dium compared with Sham (see online supplementary table S1
and online supplementary results). Interestingly, the regulation
of 18 of these 22 genes is commonly associated with ECM
proliferation.
Arrhythmias
Spontaneous arrhythmias, often developing secondary to an
increase in pacing frequency during our restitution protocol
were more frequently observed in rTOF RVs than in Sham (see
online supplementary figure S5 and online supplementary
results).
DISCUSSION
We found a significant RV remodelling in a porcine model of
rTOF with heterogeneous repolarisation and slow and discon-
tinuous conduction which are well-known to predispose to
re-entries. This remodelling was associated with the occurrence
of spontaneous arrhythmias ex vivo and may thus contribute to
the higher risk for SCD in patients with surgically corrected
TOF.
Slow and discontinuous RV activation in repaired TOF
Slowed conduction is a prerequisite for re-entry. In patients with
rTOF, QRS duration exceeding 180 ms is considered a predictor
of severe ventricular arrhythmias which was linked to RV dilata-
tion.6 11 We have previously identified this QRS feature in our
animal model.10 12 In the present study, we found significant
conduction disturbances associated with RV-EDVi. Our results
suggest that longer RV AT was related to the presence of mul-
tiple regions of conduction slowing throughout the RV.
Interestingly, this observation is reminiscent of the fractionated
electrograms observed all over the RV in an endocardial
mapping study in TOF-corrected patients13 and may be due to
diffuse fibrosis throughout the RV as seen in advanced-stage
dilated cardiomyopathy.14 Moreover, the pressure overload
found in patients with TOF and in our animal model,12 is also
known to trigger myocardial fibrosis.15 In patients with rTOF,
CMR-based imaging techniques have allowed the localisation of
Figure 1 RV epicardial and
endocardial dispersion of
repolarisation. (A) Representative
epicardial APD80 maps from a Sham
and a rTOF RV. (B) APD80 dispersion
was increased in the epicardium but
not the endocardium of rTOF RVs
compared with Sham. (C) RT
dispersion was larger in rTOF
epicardium and endocardium than in
Sham. (D) Mean APD80 measured over
the whole epicardial and endocardial
surface were similar in Sham and rTOF
RVs. Data are means±SD. *p<0.05,
**p<0.01, Sham N=4, rTOF N=5–6.
APD, action potential duration; RT,
repolarisation time; rTOF, repaired
tetralogy of Fallot; RV, right ventricle.
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fibrosis within and beyond the scar region16 and higher degrees
of fibrosis were associated with the occurrence of arrhythmias.17
Our transcriptomic approach unveiled a remodelling in the
expression of genes coding for ECM-related proteins which is
expected to favour ECM proliferation and contribute to con-
duction slowing. This remodelling appeared specific to com-
bined pressure and volume RV overload and we could identify
potential new markers of ECM remodelling (eg, serpin-family
proteins) in this context (see online supplementary results).
Interestingly, the expression of several proteins known to be
regulated by mechanical stress (eg, Brain Natriuretic peptide)
was also found altered in rTOF pigs, further highlighting the
role of RV dilatation in ECM regulation. ECM regulation in the
RV of rTOF pigs contributes to a global gene expression remod-
elling described in a recent study.18 While fibrosis is likely to
underlie slower transverse conduction velocity in rTOF RVs,
slower longitudinal conduction velocities are likely related to
the decrease in Connexin-43 expression and to its lateralisation
as observed in human failing hearts.19 A similar decrease in
Connexin-43 expression was found in RV biopsies from patients
with TOF.20
Heterogeneous RV repolarisation in repaired TOF
Available information regarding RV repolarisation in rTOF are
limited and controversial. ECG studies have shown a prolonga-
tion,21 a shortening5 or no change11 in QTc or JTc duration in
these patients. These variations may be due to differences in sur-
gical approach and patient’s age at surgery and follow-up.
However, similar discrepancies were found in animal models of
rTOF. An APD prolongation was found in isolated RV myocytes
from a similar rTOF pig model22 whereas a recent study in a
dog model noted the absence of APD change in the endocar-
dium.23 Our results suggest these discrepancies are likely related
to regional APD variations in rTOF RVs. The trend for shorter
APD observed in the posterior RV of our animal model may be
due to chronic RV volume overload as seen in an acute study24
while pressure-overload may lead to APD prolongation in the
anterior region as described in an animal model of RV
hypertension.25
The APD prolongation in the anterior RV epicardium of
rTOF pigs involved changes in K+ channel expression. We
found a trend for a reduction in KCNH2 (Kv11.1) mRNA
expression in this region (see online supplementary figure S4A)
and a significant upregulation of KCNE2 (MiRP1) a repressor
of IKr (Kv11.1).26 An opposite transmural remodelling of the
APD20 was found in rTOF anterior RVs which was mirrored by
Kv4.3 mRNA and protein expression suggesting a transcrip-
tional regulation of this protein. This remodelling resembles
that described in human left ventricular failure where the transi-
ent outward Ca2+-insensitive current (Ito1), which is mainly
carried by Kv4.3, was shown to be reduced in epicardial myo-
cytes while unchanged in the endocardium.27 In addition to
Figure 2 Regional action potential
duration and gradients in the RV. (A)
Epicardial APD20 and APD80 were
prolonged in the anterior RV of rTOF
pigs compared with Sham (see
representative traces). (B) Endocardial
APD20 but not APD80 was shorter in
the anterior rTOF RV than in Sham
(see representative traces). (C) RV
transmural APD80 gradient
(APD80ENDO–EPI) was reversed and
significantly different from Sham in the
anterior region while remaining
unchanged in rTOF posterior region.
(D) RV anteroposterior APD80 gradient
(APD80POST–ANT) was reversed in rTOF
epicardium and significantly different
from Sham epicardial and rTOF
endocardial gradients. Data are means
±SD. *p<0.05, **p<0.01, Sham N=4,
rTOF N=5–6. APD, action potential
duration; rTOF, repaired tetralogy of
Fallot; RV, right ventricle.
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modulating APD20, regulation of this current can also alter late
APD repolarisation.
Dispersion of repolarisation has commonly been described on
ECGs of patients with rTOF5 8 and is well-known to promote
re-entries.9 In rTOF pigs, we show an increase in both epicardial
and endocardial RT dispersion which was related to longer ATs
and to the larger epicardial APD dispersion. Dispersion of repo-
larisation was further enhanced by an alteration of the trans-
mural APD gradient in the anterior but not the posterior RV of
rTOF preparations. A reduced transmural APD gradient has
been described in human left-sided heart failure and was related
to a larger increase in APD in the epicardium than in the endo-
cardium28 as observed in the anterior RV of rTOF animals.
Another consequence of this regional APD remodelling is a
decrease and reversal of the anteroposterior APD gradient in the
epicardium but not in the endocardium. Regionalisation of
transmural and anteroposterior APD gradient alterations
enhances APD dispersion in rTOF RVs and increases the risk of
re-entry.
Arrhythmias
The number of arrhythmia per rTOF preparation correlated
with transverse endocardial conduction velocity. This finding
further highlights the link between prolonged RV activation and
arrhythmia reported in patients.2 6 Moreover, the correlation
between RVATand RV-EDVi indirectly links RV dilatation to an
increased arrhythmic risk. Interestingly, it has been shown in
pigs that sustained arrhythmias could only be induced in 23%
of animals with a right ventricular outflow tract (RVOT) scar
against 83% of animals with pulmonary insufficiency and
RVOT scar.29 This illustrates the proarrhythmic synergy of RV
overload and surgical scaring.
Clinical implications
Our results suggest that re-entries in patients with surgically cor-
rected TOF are not solely related to the surgical scars and
involve a global RV remodelling. Characterisation of this elec-
trophysiological and structural remodelling could help identify-
ing patients at risk of complex arrhythmias and SCD and may
suggest therapeutic interventions such as pulmonary valve
replacement, radiofrequency ablation, or cardiac resynchronisa-
tion. Moreover, antiarrhythmic therapy aimed at this remodel-
ling may prevent SCD or improve radiofrequency ablation
success.
According to the results from the present study and
others,16 17 therapeutically targeting fibrosis by interfering with
the renin–angiotensin system in patients with rTOF appears a
promising approach. Furthermore, since fibrosis is likely trig-
gered by chronic volume overload and stretch,30 early surgical
interventions aiming at correcting pulmonary regurgitation
prior to significant RV remodelling could be another potential
therapeutic approach.
Limitations
Our animal model aimed at reproducing postoperative Fallot
haemodynamics and electrophysiology in healthy pigs in the
absence of TOF. However, factors independent of surgery (eg,
genetic substrate, hypoxaemia) may play a role in the ventricular
remodelling and arrhythmia generation.
Figure 3 Potassium channel
expression in the anterior RV. (A)
Epicardial mRNA expression level for
KCND3 was reduced in rTOF RVs while
increased for KCNE2 compared with
Sham. (B) Endocardial expression levels
for KCND3 and KCNE2 were both
increased in rTOF RVs. Kv4.3 protein
expression was decreased in the
epicardium (C) but increased in the
endocardium (D) of rTOF RVs
compared with Sham. ***p<0.001,
**p<0.01, *p<0.05, Sham N=3–4,
rTOF N=3–7. rTOF, repaired tetralogy
of Fallot; RV, right ventricle.
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Figure 4 RV activation in Sham and
rTOF preparations. (A) Representative
activation maps from a Sham and a
rTOF RV with 5 ms-spaced isochrones.
Multiple areas of slowed conduction
were observed (yellow arrows)
throughout rTOF RVs. (B) Epicardial
and endocardial activation times were
longer in rTOF than in Sham RVs.
Epicardial (C) and endocardial (D) CVs
were reduced in the longitudinal and
transverse directions of propagation in
rTOF compared with Sham
preparations. Data are means±SD.
**p<0.01, *p<0.05, Sham N=4, rTOF
N=5–6. ENDO, endocardial; EPI,
epicardial; CV, conduction velocity;
rTOF, repaired tetralogy of Fallot; RV,
right ventricle.
Figure 5 Cx43 expression and
localisation. (A) Cx43 protein
expression was decreased in the
epicardium but not the endocardium
(B) of rTOF RVs compared with Sham.
(C) Immunolabelling revealed the
presence of Cx43 at the lateral
membrane (grey arrows) in rTOF
endocardial sections as opposed to the
intercalated disc distribution (white
arrows) seen in Sham sections. Data
are means±SD. **p<0.01, Sham N=3,
rTOF N=3. ENDO, endocardial; EPI,
epicardial; Cx43, Connexin-43; rTOF,
repaired tetralogy of Fallot; RV, right
ventricle.
6 Benoist D, et al. Heart 2016;0:1–8. doi:10.1136/heartjnl-2016-309730
Congenital heart disease
group.bmj.com on January 9, 2017 - Published by http://heart.bmj.com/Downloaded from 
We did not apply specific pacing protocols to investigate the
vulnerability to ventricular arrhythmias due to experimental
time constraints on the ex vivo tissue preparations. However,
the occurrence of spontaneous arrhythmias arising during our
pacing protocol indicates a strong arrhythmogenic substrate in
the rTOF animals.
CONCLUSION
RV conduction and repolarisation properties are altered in a
porcine model reproducing TOF repair lesions, leading to a sub-
strate for re-entries. Mechanisms involved an ECM proliferation, a
Connexin-43 downregulation and lateralisation which slowed elec-
trical propagation; and a regionalised remodelling in Kv4.3 and
MiRP1 expression which increased APD dispersion. This remodel-
ling is likely to contribute to arrhythmias and SCD in corrected
patients with TOF and represent a potential therapeutic target.
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